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[1] Cloud top observations from the Cloud-Aerosol Lidar Infrared Pathfinder Satellite
Observations (CALIPSO) instrument and water vapor measured by the Microwave Limb
Sounder (MLS) are used to study the occurrence of clouds in the Northern Hemisphere
(NH) summertime lower stratosphere (20��70�N) and their relation to water vapor. At
low latitudes, clouds in the stratosphere tend to occur in regions of intense convection,
while at high latitudes, there is little longitudinal preference for the clouds. In general, the
0.1% cloud top occurrence contour tends to be found �3 km or 40–50 K of potential
temperature above the tropopause. At midlatitudes, the occurrence of clouds above the
tropopause is associated with enhanced water vapor, suggesting that clouds are associated
with moistening events in the lower stratosphere. In the subtropics, the occurrence of
clouds is associated with reduced water vapor, suggesting that clouds are associated with
dehydration events. Our results are consistent with hydration or dehydration being
determined by the local relative humidity. Low relative humidity allows significant
evaporation of lofted cloud ice, which is thought to be the key to moistening events. High
relative humidity inhibits evaporation of lofted cloud ice and encourages in situ formation
of clouds that are thought to play a role in dehydration.

Citation: Dessler, A. E. (2009), Clouds and water vapor in the Northern Hemisphere summertime stratosphere, J. Geophys. Res., 114,

D00H09, doi:10.1029/2009JD012075.

1. Introduction

[2] While relatively rare, clouds in the stratosphere are
associated with important physical processes. In the tropics,
in situ formation of clouds around the tropopause can be
important in dehydration of air entering the stratosphere
[e.g., Jensen and Pfister, 2004]. Tropical convection can
also reach the stratosphere [e.g., Alcala and Dessler, 2002;
Gettelman et al., 2002; Zipser et al., 2006; Dessler et al.,
2006b], and the convective injection of mass there, including
clouds, has important implications for the chemical and
physical properties of the tropical tropopause layer and
stratosphere. For example, convective injection of cloud
mass into the TTL may play a key role in setting the isotopic
composition of water entering the stratosphere [e.g., Dessler
and Sherwood, 2003; Dessler et al., 2007]. See Fueglistaler
et al. [2009] for a review of TTL science.
[3] It is now clear that convection can also penetrate into

the extratropical stratosphere. The impacts of convection
are mainly seen in the so-called lowermost stratosphere
[Poulida et al., 1996; Fischer et al., 2003; Hegglin et al.,
2004; Hess, 2005], that part of the stratosphere with
potential temperature q < 380 K [Hoskins, 1991]. But there
is also evidence that convection can reach higher, into the
overworld (q > 380 K), and have important impacts there

[Fromm and Servranckx, 2003; Wang, 2003; Livesey et al.,
2004; Jost et al., 2004], particularly in the amount of water
vapor [e.g., Dessler and Sherwood, 2004; Hanisco et al.,
2007].
[4] The occurrence of clouds in the extratropical strato-

sphere is not as well studied as it is in the tropics. In this
paper, I use a new data set of cloud top heights to quantify
the occurrence of clouds here and evaluate the implications
for the water vapor budget there.

2. Distribution of Cloud Tops in the Stratosphere

[5] Measurements of clouds are obtained from the Cloud-
Aerosol Lidar Infrared Pathfinder Satellite Observations
(CALIPSO) [Winker et al., 2009] level-2 cloud layer
product (versions 2.01 and 2.02). This product reports cloud
layer information with a horizontal resolution of 5 km and a
vertical resolution of 60 m. Nighttime measurements,
obtained around 1:30 A.M. local time, are used here
because of the superior ability of the instrument to detect
thin clouds at night. Clearly, the lack of any diurnal cycle
information is a limitation of this analysis. The focus of this
work is on the Northern Hemisphere during June, July,
August, and September, corresponding to the time of year
when stratosphere-penetrating extratropical convection is
most likely to occur.
[6] Figure 1a shows the fraction of CALIPSO observa-

tions containing a cloud top above the local tropopause,
using data obtained in 2007 and 2008. Local tropopause
height comes from the GEOS-5 reanalysis [Suarez et al.,
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2008] interpolated in time and space to the location of the
CALIPSO measurement, and it is included in the CALIPSO
level-2 data. The GEOS-5 tropopause is a combination of a
lapse-rate tropopause at low latitudes and a dynamical
tropopause at mid and high latitudes. Figure 1a shows
clear maxima above the Asian monsoon and over Central
America, both regions of intense convection. As latitude
increases, the zonal variability decreases; at high latitudes,
there is minimal variation with longitude.
[7] One quirk of the CALIPSO data is that clouds with

tops and bottoms above the tropopause are not archived in
the cloud layer product, but are instead included in the
aerosol product, and thus our analysis does not include
them. We have analyzed the aerosol layer product and find
that the number of such clouds is much smaller than the
number with tops above the tropopause and bottoms below.
Most of these clouds tend to occur at low latitudes, where
they would increase the cloud fraction in Figure 1 by a few
percent. At mid and high latitudes, such clouds are rare and
neglect of them has no impact on our analysis.
[8] One of the best data sets to compare our results to is

the cloud observations made by the Stratospheric Aerosol
and Gas Experiment II (SAGE II), which is described by
Wang et al. [1996]. Figure 1a here can be compared to
Plate 1 of Wang et al., and the comparison reveals good
agreement. A maximum in cloud occurrence in the SAGE II
data at the altitude of the tropical tropopause (16.5 km)
can be found over the Asian monsoon (with SAGE II

frequencies > 60%), with a lesser maximum seen by the
SAGE II over Central America (�30%). At higher latitudes,
the SAGE II also sees frequent clouds (�30%) in the
stratosphere, and distributed somewhat evenly in longitude.
Overall, the agreement between the data sets is quite good,
particularly considering the differences in viewing geometry
and sampling time.
[9] Figure 1b shows a zonal average of Figure 1a,

showing a strong minimum around 35�N, with similar
maximum values found at 20�N and 70�N. The increase
in frequency from 35�N to 70�N is due primarily to the
decrease in the height of the tropopause, which can be see in
Figure 2, which shows the average geometric height of
the tropopause, as well as heights of the surfaces of constant
q, as a function of latitude. The tropopause is found above
16 km at low latitudes, and around 10 km at 70�N. Most of
the change in altitude of the tropopause occurs in a
relatively narrow latitude band from 35�N to 50�N.
[10] Also shown on Figure 1b is the zonal average

fraction derived from daytime measurements. This shows
that nighttime data contain 50–100% more clouds than the
daytime data. The shape of the latitude-longitude distribu-
tion of clouds in the daytime data (not shown) is very
similar to Figure 1a. Strong day-night differences are also
seen in the occurrence of tropopause-level clouds in other
spaceborne lidar data sets [Dessler et al., 2006a, 2006b].
Some of this difference may be real, but without more data
it is impossible to separate real diurnal changes from those
due to differing sensitivity of day and night measurements.
It is for this reason that I’ve chosen to focus here on
nighttime data.
[11] Figure 3 shows longitude-height slices of cloud top

occurrence at a range of latitudes. Figure 4 shows the same
data, but using a vertical coordinate of q. In the lower
stratosphere, q is conserved on time scales of weeks to
months [Newman and Rosenfield, 1997], so it is a more
useful vertical coordinate for many analyses than geometric
height. The q of the cloud top is calculated using temperature
and pressure profiles from the GEOS reanalysis, which are
provided in the CALIPSO level-2 cloud profile product.
[12] At low latitudes, there is strong zonal variability,

with the 0.1% contour extending as high as 19 km or 420 K
in regions of strong convection, about 3 km or 40 K above
the tropopause. In nonconvective regions, the 0.1% contour

Figure 1. (a) Fraction (in percent) of CALIPSO nighttime
observations that show a cloud top above the local
tropopause as a function of latitude and longitude and
(b) a zonal average as a function of latitude (solid line).
Also shown in Figure 1b is the zonal average fraction
derived from daytime measurements only (dashed line).
Calculated from data obtained during June, July, August,
and September 2007–2008.

Figure 2. Tropopause height (thick line) and lines of
constant potential temperature q (thin lines) as functions of
latitude. Based on GEOS reanalysis data from June, July,
August, and September 2007–2008.
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is close to the tropopause. In addition, cloud tops are higher
above the Asian monsoon: the 0.1% contour is about 2 km
or 30 K higher there than over Central America.
[13] Deep convection falls off rapidly with latitude in the

Asian monsoon region, while dropping off more slowly
with latitude over Central and North America. Thus, from
35�N to 40�N, the 0.1% contour extends to 18 km or 390 K
over both Asia and North America. And from 40�N to
45�N, the 0.1% contour extends about 1 km or 15 K higher
over North America than over Asia. Dessler and Sherwood
[2004] argued that the extension of stratosphere-penetrating
convection to higher latitudes over North America had
important implications for the water vapor distribution in
the summertime extratropical lower stratosphere, a point
that will be picked up later in this paper.
[14] At higher latitudes, the zonal variability disappears.

From 45�N to 70�N, the 0.1% contour is located around
14 km or 370 K at all longitudes, the 2% contour is located
around 13 km or 355 K, and other contours also remain
approximately fixed in altitude with longitude. This
explains why the fraction of cloud tops found above the
tropopause (Figure 1b) tends to increase with latitude: the
distribution of cloud tops in q remains reasonably fixed, but
the tropopause descends with increasing latitude, leading to
larger numbers of clouds being seen above the tropopause
with increasing latitude.
[15] Figure 3 is similar to the SAGE II cloud distribution

plotted in Figure 4 of Wang et al. [1996]. At low latitudes
(20�N plot of Figure 4 of Wang et al.), there is a dominant

maximum over Asia, with a lesser maximum over North
America. At higher latitudes (50�N plot of Figure 4 of Wang
et al.), the SAGE II data also show little longitudinal
preference for cloud occurrence.
[16] Figure 5 shows latitude-height slices of cloud top

occurrence for longitudes around the Asian Monsoon
(Figure 5a) and around North America (Figure 5b),
constructed from 2008 data (we limit the data to 2008 here
to facilitate comparison with water vapor data in the next
section). The two sectors show general similarities, with
cloud top occurrence contours by and large following the
tropopause. Figures 5a and 5b also show maxima near
the low-latitude tropopause. Over Asia, this maximum is
associated with the Asian Monsoon, while over North
America it occurs near regions of intense convection over
Central America. Figures 5a and 5b show strong similarities
to the SAGE II observations (Figures 2 and 3 of Wang et al.
[1996]), suggesting that the general features of the
distribution are robust features of the atmosphere.
[17] Figure 5c shows the absolute difference between the

frequencies in Figures 5a and 5b (absolute difference means
that a difference between 7% and 10% is 3%), with positive
anomalies corresponding to higher frequencies in the Asian
sector. At low latitudes, a positive maximum centered on
17 km shows that cloud tops at this altitude are more
frequent over Asia, while large negative values centered at
14 km show that cloud tops at this altitude are more frequent
over Central America. This arrangement is consistent with
more vigorous and deeper convection over the Asian

Figure 3. Percent of observations that show a cloud top, in percent/km. Each plot contains data from a
single latitude range. The thick line is the average tropopause. Data were obtained from June, July,
August, and September 2007–2008.
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monsoon [e.g., Dunkerton, 1995]. Given the high relative
humidity at low latitudes (discussed in the next section),
some of these clouds are almost certainly formed in situ,
while others may be convective in origin. Determining the
formation mechanism is a nontrivial exercise, and in this
paper I have not made any attempt to determine the relative
fractions of in situ versus convective origins.
[18] At midlatitudes, Figure 5c shows negative values in

the lower stratosphere, meaning cloud top frequency is
higher over North America than over Asia, as was seen in
Figure 3. At high latitudes, positive values in the lower
stratosphere indicate higher cloud top frequency in the
Asian sector.

3. Connection to Water Vapor

[19] To look for connections between clouds and water
vapor, I now analyze measurements of water vapor made
during June, July, August, and September of 2008 by the
Microwave Limb Sounder (MLS) on NASA’s Aura satellite.
During this time period, the MLS and CALIPSO measure-
ments were made within a few kilometers and a few minutes
of each other, so can be considered for all practical purposes
simultaneous. Version 2.2 of the data [Livesey et al., 2007]
is used. Water vapor in this data set is retrieved in the upper
troposphere and lower stratosphere every �1.5 km in the
vertical; the measurements have an accuracy of 10–20%, a

vertical resolution of 2–3 km, and an along-track horizontal
resolution of a few hundred km.
[20] Figure 6a shows zonal average water vapor mixing

ratio. I have used both day and night water vapor measure-
ments in this plot; the lifetime of water vapor at these
altitudes is long enough that there is no diurnal cycle, so
segregating the data into day or night data yields the same
results. Like cloud top frequency, the water vapor contours
tend to follow the tropopause. In general, mixing ratios
decline with altitude, and the mixing ratio at the tropopause
increases with latitude, mainly because the tropopause
descends with height.
[21] Figure 6b shows the zonal average relative humidity

(RH). RH is calculated for each MLS measurement of water
vapor mixing ratio using the GEOS temperature fields
interpolated to the location of the MLS measurements.
Figure 6b is calculated by zonally averaging the individual
RH values. Figure 6b shows that RH tends to be high in the
troposphere and low in the stratosphere. Within the strato-
sphere, RH tends to be higher at low latitudes due to the low
temperatures found there. Temperature increases with latitude
in the stratosphere, and RH correspondingly decreases.
[22] Figure 6c shows the percent difference between

water vapor mixing ratio over the Asian and North American
sectors, with positive values indicating higher mixing ratios
over Asia. Over most of the summertime Northern Hemi-
sphere troposphere and lower stratosphere, water vapor over
Asia is higher than over North America. The exception is

Figure 4. Percent of observations that show a cloud top, in percent/(5 K). Each plot contains data from
a single latitude range. The thick line is the average tropopause. Data were obtained from June, July,
August, and September 2007–2008.
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around the midlatitude tropopause, where water vapor
mixing ratios over North America are more than 20% higher
than over Asia.
[23] This region of enhanced water vapor over North

America matches closely the region where cloud top
frequency over North America exceeds that over Asia
(Figure 5c). This is consistent with the work of Dessler
and Sherwood [2004], who concluded that enhanced
convection over North America leads to injection of cloud
ice into a region of low RH in the stratosphere, where cloud
ice evaporates and leads to enhanced water vapor. A similar
correlation between enhanced cloud occurrence and water is
seen between 60�N and 70�N and just above the tropopause.
[24] In the low-latitude stratosphere, on the other hand,

there appears to be little correlation between cloud top
frequency anomaly (Figure 5c) and water vapor mixing
ratio anomaly (Figure 6c). In fact, there are hints of an
anticorrelation: collocated with the low-latitude cloud top
frequency anomaly maximum is a slight negative water

anomaly. One explanation for this slight anticorrelation is
that the cloud top anomaly maximum is also region of high
RH (Figure 6b), so while much ice is lofted by convection
into this region, the high RH will prevent evaporating, and
convection will therefore have little effect on water vapor
mixing ratio there.
[25] In order to better understand the cause-and-effect

relationship between clouds and water vapor, I have merged
the MLS and CALIPSO data in order to calculate the
difference between water vapor when clouds are present
and absent. Because of the differing viewing geometries of
the instruments, merging the CALIPSO and MLS measure-
ments requires some care. In this analysis, for every
nighttime MLS measurement, we find all CALIPSO 5 km
retrievals that are within 15 km of the MLS tangent point
(about six CALIPSO points) and take these to be a set of
coincident measurements. Then for each coincident CALIPSO
footprint, we integrate the cloud extinction over a 1.5 km

Figure 5. Cloud top fraction (in percent) and average
tropopause (thick line) height as a function of latitude for
(a) the Asian sector (45��145� longitude) and (b) the North
American sector (235��305�), and (c) absolute difference
between Figures 5a and 5b, with positive values corresponding
to higher values in the Asian sector, and zonal average
tropopause (thick line). Data were obtained from June, July,
August, and September 2008.

Figure 6. (a) Zonal average water vapor mixing ratio (in
parts per million by volume), (b) zonal average relative
humidity (in percent), and (c) percent difference in water
vapor mixing ratio between the Asian and North American
sectors, with positive values corresponding to higher values
in the Asian sector. The thick line is the zonal average
tropopause. Data were obtained from June, July, August,
and September 2008.

D00H09 DESSLER: CLOUDS AND WATER IN THE STRATOSPHERE

5 of 7

D00H09



layer centered on the tangent point pressures of the MLS
measurements.
[26] A MLS measurement is considered clear sky if all of

the collocated CALIPSO measurements show zero extinc-
tion. A measurement is considered cloudy if four or more of
the CALIPSO footprints show nonzero extinction. Figure 7
shows the average of cloudy sky water vapor minus clear-
sky water vapor as a function of latitude and pressure. Gray
shading indicates that the difference is nonzero at the 95%
confidence level.
[27] Over most of the upper troposphere and lower

stratosphere, cloudy air has higher water vapor than is
found in clear skies. The exception is above the tropopause
at latitudes equatorward of 20�N. Here, cloudy air has lower
water vapor than is found in clear skies. The most likely
explanation for this arrangement is that RH controls the
effect of clouds on water vapor. In mid and high latitudes,
where RH is low, clouds will almost exclusively be asso-
ciated with convection, and these clouds will tend to
moisten [e.g., Dessler and Sherwood, 2004]. At low
latitudes, where RH is high, in situ formation of clouds
can occur, and this will deplete the vapor phase, possibly
leading to irreversible dehydration. In addition, it has also
been suggested that convection can in some cases also
lead to dehydration [e.g., Sherwood and Dessler, 2000;
Fueglistaler et al., 2009], although this suggestion remains
speculative.

4. Conclusions

[28] In this paper, cloud top observations from the
CALIPSO instrument are used to study the occurrence of
clouds in the Northern Hemisphere summertime lower
stratosphere. It is shown that clouds occur frequently in
the bottom few kilometers of the stratosphere. At low
latitudes, clouds in the stratosphere tend to occur in regions
of intense convection, such as the Asian monsoon and over
Central America. The 0.1% occurrence contour in these
regions reaches 19 km or 420 K potential temperature,
about 3 km in altitude or 40 K above the tropopause,
while the 2% contour reaches 18 km or 410 K, 2 km or
30 K above the tropopause.

[29] At high latitudes, there is little longitudinal preference
for the clouds. From 45�N to 70�N, the 0.1% contour is
located around 14 km or 370 K, the 2% contour is located
around 13 km or 355 K, and other contours also remain
approximately fixed in altitude. The tropopause is descending
with increasing latitude, leading to increases in the number
of clouds in the stratosphere with latitude.
[30] At low latitudes, stratospheric cloud tops are seen

more frequently and at higher altitudes over Asia. In the
midlatitudes, however, stratospheric cloud tops are seen
more frequently over North America. At high latitudes,
the highest frequencies shift back to the Asian sector.
[31] Examining the water vapor fields, it is seen that

regions of enhanced cloud occurrence correlate well with
regions of enhanced water vapor mixing ratio in the mid and
high latitudes. This result is consistent with previous
work [e.g., Dessler and Sherwood, 2004; Fu et al., 2006;
Gettelman et al., 2004] that convection is an important
water source for the extratropical lower stratosphere. At low
latitudes, the region of enhanced cloud occurrence is not
correlated with high water vapor mixing ratio. This is
explained by the high relative humidity (RH) found there,
which both encourages in situ formation of clouds as well as
precludes evaporation of cloud ice.
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